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OBESITY, TOGETHER WITH ASSOCIATED Type 2 diabetes mellitus (T2DM), has become a surgical disease (29) . Bariatric surgery now represents the first-line treatment for morbid obesity, leading to resolution of obesity-related comorbidities such hypertension, sleep apnea, and T2DM and consequently improved life expectancy (1, 9, 35) .
Roux-en-Y gastric bypass (RYGB) is regarded as the goldstandard therapy for weight loss, with 60 -70% excess weight loss at two years (7) . An important observation is the rapid associated resolution of T2DM, achieved prior to any significant weight loss; 84% of all patients had complete remission of T2DM, often within days after surgery (7) . These impressive results have led many to regard RYGB as a metabolic operation. Unfortunately, 70% of T2DM patients do not fulfill the weight criteria to be eligible for bariatric surgery. Although there has been debate about the role of this procedure in T2DM in less obese patients, the invasive nature of the procedure has prevented widespread acceptance (10, 23, 34) .
Unfortunately, the mechanisms underlying diabetes resolution in RYGB remain unclear, limiting development of less invasive alternatives. A major feature of T2DM is obesityinduced insulin resistance. However, the immediacy of T2DM resolution after RYGB suggests insulin sensitivity improves by a process independent of weight loss (41) . Numerous studies have documented post-RYGB hormonal changes (11, 12, 28, 30) . However, results often conflict and no clear pattern has emerged, so beneficial outcomes of surgery are generally not attributed solely to the hormonal changes (6) .
A provocative aspect of RYGB is that duodenal isolation is critical to the success of this operation, by a mechanism not related to malabsorption. The critical role of proximal intestine in overall glucose homeostasis has recently been highlighted by several studies showing duodenal isolation resolves T2DM (31, 33) . We contend that duodenal isolation alters the absorptive capacity of the remaining intestine to a state that ultimately improves overall metabolic control by moderation of the absorptive capacity of the intestine and delaying the temporal appearance of nutrients and gut hormones in the circulation. Thus the post-RYGB metabolic benefits arise because nutrient influx is slowed without being prevented.
To better understand this, we have focused on the role of proximal intestine in regulating the intestinal Na ϩ /glucose cotransporter SGLT1, responsible for the major part of dietary glucose uptake under normal physiological conditions. There is accumulating evidence for disorders of intestinal glucose absorption and SGLT1 expression in T2DM and obesity. SGLT1 is overexpressed three-to fourfold in patients and animal models of T2DM (8, (13) (14) (15) . Other studies have highlighted the importance of SGLT1 in overall glucose homeostasis and weight control: overexpression is associated with profound obesity in murine models (26) , whereas intestinal glucose transport is increased in obese animals (5, 17, 25) . We have recently shown that exposure of the proximal intestine to a glucose load leads to a rapid increase in intestinal SGLT1 expression (38) and hypothesized that isolation of this region following RYGB leads to downregulation of intestinal glucose transport. We believe that RYGB improves glucose homeostasis in part by altering intestinal glucose transport capacity.
This study aimed to assess SGLT1-mediated glucose transport capacity after RYGB, together with any changes in intestinal morphology that might influence nutrient transport capacity. In particular, since we have shown there is dramatic change in intestinal function throughout the circadian period (with peak function during feeding) (3), we aimed to assess nutrient transport capacity across the diurnal cycle. These studies aim to establish the role of proximal intestine in overall glucose homeostasis under normal physiological conditions and will be followed in the future by studies evaluating this hypothesis in T2DM disease models.
METHODS
Animal models. All animal procedures were performed in accordance with protocols prospectively approved by Harvard Medical Area Standing Committee on Animals. Male Sprague-Dawley rats (300 -325 g) were acquired from Harlan (Indianapolis, IN) and acclimatized for at least a week under a strict 12:12-h light-dark cycle [lights on at 7 AM, termed hereafter as hours after lights on (HALO)-0] with ad libitum access to chow and drinking water.
Under anesthesia, animals underwent either a vagal-sparing RYGB or a sham laparotomy (detailed in Supplemental Methods). Briefly, the stomach was transected to form a 1-to 2-ml gastric pouch, with care taken to preserve the vagus nerve (Fig. 1A) . The pouch was drained through a 10-cm Roux limb and joined by a 16-cm biliopancreatic (BP) limb to form the common limb (Fig. 1B) .
Animals were maintained on liquid diet for 5 days postoperatively before being switched to a high-carbohydrate diet provided at nighttime only (43% carbohydrate, 41% fat). This was provided every night up to and including harvest.
Tissue harvest. Animals were harvested at 3 wk postoperatively, at one of three times (HALO-3, HALO-9, HALO-15) to assess diurnal rhythms (n ϭ 7-8). Animals were anesthetized with isoflurane 1-2%, and a midline laparotomy was performed. In RYGB models the Roux, BP, and common limbs were identified, and each was flushed with ice-cold mammalian Ringer's solution (3) on the mesenteric pedicle before rapid removal. A 6-cm length of the Roux limb was taken for functional glucose transport assays, and a further 1 cm of each of the three limbs was reserved for morphological analysis. Mucosa was scraped from the remaining Roux and BP limbs (36) and 10 cm of common limb. For sham animals, a 6-cm length of jejunum was harvested for functional studies from 16 cm distal to the ligament of Trietz (orthotopic position corresponding to the Roux limb). Mucosa was harvested by scraping from a further 10 cm, and a 1-cm length was reserved for histology.
Intestinal samples for histology from the RYGB animals were taken from the distal part of the BP limb, the distal the Roux limb proximal to the jejunojenunostomy, and from 1 cm distal to the jejunojejunal anastomosis for the common limb. For sham animals, histological sections were taken from the midpoint of the harvested length of midjejunum. Because of the surgical reorganization of the intestine after RYGB, this meant that none of the histological sections were within 8 cm from the orthotopic position of sections taken from sham animals (see Fig. 1C ).
Functional glucose transport assays. The everted sleeve method was used as previously described (3) Morphology. Tissue was fixed overnight in 10% formalin before being orientated and embedded in paraffin blocks. Sections were cut at 4-m thickness and mounted on Superfrost-plus slides before being stained with hematoxylin and eosin. Sections from each of the Roux, BP, and common limbs were assessed as were sections from sham jejunum. All assessments were performed on sections from animals harvested at HALO-3 and performed by a blinded investigator (A. T. Stearns). Villus height, crypt depth, crypt column count, and number of goblet cells per crypt column or per 250-m length of midvillus were measured. Enterocyte width (nuclei/125 m length) was recorded, as were circular muscularis thickness and submucosal depth. Goblet cells were defined as discrete rounded cells with colorless or slightly blue cytoplasm and were clearly distinguishable. All measurements were made under light microscopy (Olympus BX50; Center Valley, PA) at ϫ100 or ϫ400 magnification. Each assessment was made on villi or crypts where a single layer of enterocytes was identified, on villi where a central lacteal was identified. Measurements were made in at least triplicate per animal and segment.
Quantitative PCR. Total cellular RNA was extracted and 2.5 ng mRNA was reverse transcribed (37) . cDNA was added to SYBR Green Mastermix with appropriate primers for Sglt1 and Actin (Supplementary Methods) and quantified on an ABI7900HT thermal cycler. Transcriptional signal was expressed relative to Actin.
Western blotting. Whole-cell protein lysates were extracted from frozen tissue aliquots harvested at HALO-15 and separated with Western blotting (39) . Membranes were blotted for Sglt1 (Chemicon, Temecula, CA; 1:4,000) before being stripped and reblotted for actin (Neomarkers; 1:500).
Statistical analysis. Statistical analysis was performed with GraphPad Prism V.5 and SPSS for Windows V.17. When comparing between times or between four intestinal sections, we used one-way ANOVA with Tukey post hoc analysis, with the exception of comparisons of goblet cell counts. This latter provides noncontinuous ordinal data, and therefore Kruskal-Wallis nonparametric ANOVA was used, with Dunn's post hoc testing between multiple groups. In cases in which only two measures were compared, Student's t-tests were performed.
RESULTS
Twenty-nine animals successfully underwent the RYGB procedure; of these, five animals died within the first 48 h after surgery. The cause of death was either anastomotic leak or, in most cases, hemoperitoneum from distraction of vessels on the lesser curve. One further animal continued to lose weight to the end of the study and was euthanized and excluded, leaving 23 animals in the RYGB group. Of 24 sham animals, two died perioperatively of respiratory complications. All remaining animals survived to harvest. Sham animals maintained their body weight postoperatively on liquid diet, losing 2.6 Ϯ 0.4% body weight by the fifth day after surgery (Fig. 2A) . On switching to Western Diet, animals rapidly gained weight, such that at the end of the study they had gained 37 Ϯ 1.0% of starting body weight.
In contrast, RYGB animals lost significant amounts of body weight on liquid diet, reaching a trough of 21 Ϯ 1.6% body weight loss at 7 days postoperatively. Animals did not return to their preoperative weight until the 18th day after surgery, finishing the study with 5.4 Ϯ 2.3% gain in body weight compared with preoperative weights. RYGB animals weighed significantly less than sham animals throughout the study (P Ͻ 0.001). Sham animals consumed constant quantities of rat chow after switching to the Western Diet (20.8 Ϯ 0.2 g daily, Fig. 2B ). RYGB animals gradually increased food intake for the first five nights after switching to rat chow, eating a mean of 20.0 Ϯ 0.4 g thereafter. There was no significant difference in chow intake between arms after the first five nights (P Ͼ 0.3, Fig. 2B ).
RYGB is characterized by structural changes in jejunal mucosa. Striking changes were noted in both macroscopic and microscopic appearance. On harvest, the sham jejunum looked normal. However, in the RYGB animals, the intestine in enteric continuity was hypertrophic; the BP limb looked normal. These findings were replicated by the intestinal sleeve masses: sham jejunum weighed 90 Ϯ 4 mg/cm, vs. 183 Ϯ 6 mg/cm in Roux tissue (2.0-fold difference, P Ͻ 0.0001).
Microscopic changes were also seen. Broadly, the BP limb was similar to shams, with the exception of crypt depth. In contrast, the Roux and common limbs were similar to each other but different from shams and the BP limb. Of particular note, villus architecture changed (P Ͻ 0.0001). Villus length increased by ϳ38% in the Roux limb compared with sham jejunum (741 Ϯ 23 m vs. 539 Ϯ 16 m; Fig. 3A , P Ͻ 0.001). This was due to increased numbers of enterocytes, rather than increased enterocyte diameter, which remained unchanged across all sections assessed (P ϭ 0.18, Fig. 3B ). Representative images are shown in Fig. 4A .
Crypt depth increases were also seen after RYGB, with all three limbs showing deeper crypts compared with shams (P Ͻ 0.0001). For example, crypt depth in the Roux limb was 2.1-fold that of the shams (252 Ϯ 21 m vs. 122 Ϯ 4 m; P Ͻ 0.001, Fig. 3C ). This was accompanied by an increase in crypt cell numbers in both Roux and common limbs, with cell count per column increasing from 25 Ϯ 0.7 in jejunal crypts to 34 Ϯ 1.3 in the Roux limb (P Ͻ 0.001). Representative photomicrographs are shown in Fig. 4A . There was an accompanying increase in muscularis circularis thickness, with Roux limb muscularis thicker than shams (26 Ϯ 2.9 m vs. 13 Ϯ 1.8 m, P Ͻ 0.001). Common limb muscularis thickness trended toward (but did not reach) a significant difference compared with sham jejunum (20 Ϯ 2.5 m, P ϭ 0.08). Submucosal thickness did not vary across the four sections (P Ͼ 0.4, ANOVA; data not shown).
Furthermore, there appeared to be a shift in the cell lineages in animals after RYGB. In the Roux and common limbs, but not the BP limb, we noted an increase in goblet cell numbers in both the crypt and villus after bypass (P Ͻ 0.004). For example, the Roux limb had a mean of 5.2 Ϯ 0.8 goblet cells per 250 m midvillus length; this compared with 1.7 Ϯ 0.1 for sham jejunum (P Ͻ 0.01, Fig. 3E ). This was matched by changes in the number of goblet cells per crypt column (P Ͻ 0.0002), with increased numbers in Roux animals compared with shams (6.5 Ϯ 0.5 vs. 3.8 Ϯ 0.3; P Ͻ 0.001, Fig. 3F) .
RYGB reduces intestinal glucose uptake capacity. Sham animals showed the expected daily rhythm in glucose uptake capacity (P Ͻ 0.001, one-way ANOVA), with a peak glucose uptake capacity at the end of the light phase at HALO-9 (5.4 Ϯ 0.3 nmol⅐mg Ϫ1 ⅐min
Ϫ1
), a 1.8 Ϯ 0.1-fold increase compared with the trough at HALO-3 (2.9 Ϯ 0.2 nmol⅐mg Ϫ1 ⅐min
, Fig. 5A ). Glucose transport was completely inhibitable at all time points by preincubation in 20 M phloridzin (Fig. 5B) , suggesting dependence on Sglt1. In contrast, in RYGB animals, there was no significant difference in glucose transport across the time points (P Ͼ 0.7, Fig. 5A ). For example, peak glucose uptake at HALO-9 was 2.0 Ϯ 0.5 nmol ⅐mg Ϫ1 ⅐min Ϫ1 , compared with trough capacity of 1.6 Ϯ 0.3 nmol ⅐mg Ϫ1 ⅐min Ϫ1 at HALO-3. Glucose transport capacity was 2.7 Ϯ 0.2-fold higher in sham animals compared with RYGB animals at HALO-9 and significantly lower in RYGB animals compared with sham counterparts at all times (P Ͻ 0.002). When considering glucose uptake per unit length, uptake was lower in the Roux limb compared with shams at HALO-15 (P ϭ 0.05, 325 Ϯ 63 nmol ⅐min Ϫ1 ⅐cm Ϫ1 vs. 438 Ϯ 18 nmol ⅐min Ϫ1 ⅐cm Ϫ1 ), but not at other times ( Table 1) . As with uptake expressed per unit mass, in shams there was a normal diurnal variation between fasting and feeding times (P Ͻ 0.001); this was completely lost in the Roux limb (P Ͼ 0.7).
Changes in Sglt1-mediated glucose transport function are independent of transcriptional regulation. Having shown functional changes, we wondered whether Sglt1 transcription was suppressed, reducing Sglt1-mediated glucose transport. Shams showed the normal transcriptional profile for Sglt1, with peak message at HALO-9, shortly prior to the dark phase and onset of feeding. There was a significant difference in expression between the three time points, with expression at HALO-9 greater than at HALO-3 or HALO-15 (2.6-fold change, P Ͻ 0.0001).
Diurnal transcriptional rhythms in Sglt1 were maintained in the Roux limb, with peak expression at HALO-9 (P ϭ 0.002, ANOVA) and a significant difference between expression at HALO-9 compared with other times (P Ͻ 0.05, Fig. 6A ). The magnitude of the diurnal variation was blunted compared with shams, however, with 1.7-fold change between HALO-9 and HALO-15. This was due to increased basal expression of Sglt1 at HALO-3 and HALO-15 in Roux limb mucosa compared with shams (P Ͻ 0.002), rather than lower peak expression at HALO-9 (unchanged in RYGB vs. sham animals, P ϭ 0.2).
RYGB leads to apparent posttranscriptional modifications in Sglt1. Western blotting of sham mucosa resulted in a single Sglt1 band, with an apparent mass of 73 kDa. This is consistent with our previous experience (36) , with the native Sglt1 band running with an apparent molecular mass of 68 -73 kDa (Fig. 6B) . In contrast, blots from Roux limb mucosa showed three prominent bands in the 60-to 90-kDa range. Alongside the native Sglt1 band (73 kDa), was a second band forming a tight doublet, at ϳ6 kDa lighter than the native species (67 kDa). This apparent difference in molecular weight is consistent with our previously described deglycosylated form (36) . There was a third species also, apparently less mobile and with an estimated molecular mass at 88 kDa, 15 kDa heavier than the native band. The lighter-weight Sglt1 species was seen in all three limbs, regardless of nutrient or BP exposure (Fig. 6C) . However, the heavy species of Sglt1 (88 kDa) was more pronounced in Fig. 3 . Summary of the morphological comparisons between sham jejunum and the differing limbs in RYGB. A: villus height, with Roux and common limbs significantly longer than both sham and BP limbs. B: mean enterocyte diameter, with no difference between the limbs, suggesting differences in length are due to enterocyte number rather than volume. C: crypt depth, increased depth in all limbs after RYGB compared with shams. This was partly due to an increase in crypt column cell count (D). Lastly, Roux and common limbs, but not BP limb, had increased numbers of goblet cells in both villus (E) and crypt (F) compared with shams. Compared with sham: *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
the Roux limb compared with those exposed to BP secretions (BP and common channels).
DISCUSSION
We have shown that in a rodent model of RYGB intestinal glucose absorptive function is suppressed. This was accompanied by posttranscriptional changes in Sglt1 and by morphological changes in the intestine. To our knowledge, this is the first report of changes in intestinal structure and SGLT1 function after gastric bypass.
The changes in intestinal morphological structure are an intriguing finding, particularly given that villus height is increased in both Roux and common but not BP limbs. The fact that morphological changes are confined to regions of mucosa exposed to luminal nutrients (but not necessarily pancreaticobiliary secretions) is interesting, and raises the possibility that luminal nutrient exposure is directly regulating the mucosa and crypt-villus progression. However, in contrast to intestinal adaptation to massive small bowel resection, the increase in villus surface area is not associated with an increase in intestinal glucose absorption, both on a per unit mass and per unit length basis (16, 22) . Although crypt depth increases and muscularis hypertrophy will contribute slightly to the unit mass denominator, this is likely a relatively small component of the change, reinforced by the observation that, even on a per-unitlength basis, glucose transport decreases at HALO-15. This is despite the increased number of villus enterocytes and corresponding villus length. This strongly implies a change in enterocyte biology, likely because of either a relative reduction in the number of enterocytes capable of transporting glucose or a reduction in the glucose transport capacity for each individual cell. Other authors have identified a relative increase in secretory vs. absorptive cells after massive small bowel resection, with expansion of goblet and Paneth cell lines (18) . Similarly, in this RYGB model, we observed a shift toward secretory cell lineages, with an increase in goblet cell numbers in both crypt and villus. This may represent an adaptive response, but it may also account for some of the reduction in glucose transport, because of a reduction in the proportion of absorptive cell lineages. The magnitude of the changes in glucose transport observed suggests that changes in enterocyte lineage are not the only pathway leading to reduction in glucose transport capacity after RYGB.
We focused our assessment on Sglt1, rather than other intestinal transporters, including facilitated basolateral glucose transporter member 2, Glut2. We believe that Sglt1, as well as being a key sugar transporter in disease, has significant therapeutic potential. In particular, in both rodent models of diabetes and T2DM patients, inhibition of Sglt1 by use of phloridzin and related compounds has been shown to improve plasma glucose and insulin profiles after a glucose challenge (20, 32) . Remarkably, phloridzin also appeared to restore peripheral tissue sensitivity to insulin in a diabetic model (21) . Furthermore, the role of Glut2 as a rate-limiting factor in the absorption of glucose under physiological conditions remains unclear, and we note the normal intestinal glucose absorption kinetics seen in Glut2-null mice (40) . In our studies, glucose transport was almost completely inhibitable by phloridzin, suggesting further that under everted-sleeve assay conditions phloridzinresistant Glut2-mediated uptake is minimal.
The underlying physiological pathways regulating Sglt1-mediated glucose transport, which are presumably disrupted after RYGB, remain unclear. Several human and animal studies have highlighted a critical role for the duodenum and proximal jejunum ("foregut hypothesis") in glucose homeostasis (33) . This is emphasized by recent studies showing that exclusion of this region of intestine from luminal exposure by an endoscopic sleeve resolves T2DM (2, 31) . Recent studies have also highlighted a role in glucose homeostasis for intestinal sweet taste receptors, which are abundantly expressed in this region (4, 43) . In previous work we have shown that proximal intestinal luminal glucose exposure leads to a rapid increase in intestinal Sglt1 expression, through a process likely mediated by the sweet taste receptors T1R2 and T1R3 (38) . Others have demonstrated T1R3 regulates Sglt1 in the longer term (24) . We therefore hypothesize that interruption of normal proximal intestinal sweet-taste regulation of Sglt1 may mediate some of the antidiabetic effects of RYGB.
We demonstrated that Sglt1-mediated function is downregulated after RYGB in a pathway independent of Sglt1 message and therefore likely posttranscriptional. This is perhaps not surprising; multiple reports suggest that regulation of intestinal Sglt1 function occurs predominantly at a posttranscriptional level (16) . This is supported by the identification of additional species on Western blotting, with a more mobile band consistent with that previously identified as deglycosylated Sglt1 in earlier studies (36) . There is an appearance of a further, less mobile species, which may represent further posttranscriptional modifications such as ubiquitination. It is furthermore remarkable that gastric bypass and duodenal exclusion abolished the normal diurnal rhythms in intestinal glucose transport (but not transcription), a finding we have shown to be replicated by vagal afferent blockade (39) . This supports our earlier conjecture that vagal afferents signaling nutrient delivery to the proximal intestine may regulate intestinal Sglt1. There were several aspects of the experimental design that needed particular emphasis. In this study, we used SpragueDawley rats, rather than obese or diabetic models. Interpretation of data from a disease model is difficult without an understanding of the impact of a surgical intervention on normal physiology. These studies provide the foundation for future studies in obese and diabetic animals or patients, which will be important because it is difficult to extrapolate the effect of RYGB procedure on the regulation of Sglt1 in the context of dysregulated expression under disease conditions.
In previous work, we have also shown the afferent vagus regulates Sglt1 (39), perhaps through detection of its substrate glucose. It is for this reason that we performed a vagal-sparing RYGB and were careful to exclude the vagal trunks from the gastric transection during the procedure. Although care was taken during this procedure to avoid vagal injury, there is the possibility of inadvertent nerve injury. This may have contributed to the loss of diurnal rhythms in Sglt1, which have been shown to be regulated by vagal afferents (39) .
Although mucosa from Roux, BP, and common limbs were used for sglt1 message and protein measurements, performing functional studies from all segments simultaneously would have been technically demanding, making us chose one region only for the studies. We selected only the Roux limb for our functional studies because Sglt1 decreases along the jejunoileal axis; performing assays from the common limb would entail using relatively distal jejunum, which would be expected to express low glucose uptake capacity.
We allowed animals to have ad libitum access to food, albeit under night-restricted conditions imposed to minimize differences in feeding activity patterns between RYGB and sham animals. We considered this important, because the RYGB animals initially ate very little whereas shams ate regular rations of food. Under a pair-feeding schedule, the sham animals would therefore consume their daily rations very quickly, before undergoing a period of enforced fasting. Such a fast-feed model is then difficult to compare with an ad libitum fed model. Indeed, by the end of the study, food consumption was very similar between sham and RYGB animals, further justifying the choice of this feeding schedule. The animal models did show resumption of weight gain postoperatively. However, this is in the context of juvenile and nonobese animals: at surgery, animals were aged 8 wk and still growing. A parallel might be bariatric surgery performed in younger adolescent patients, in which, despite resolution of comorbidities, linear growth may take place, although data on the impact of RYGB on the linear growth of children are lacking (19) . Alternatively, the resumption of linear growth and adaptation to consumption of similar levels of chow may reflect too large a gastric pouch. However, since the experiment particularly focused on the physiological effects of duodenal exclusion, this is of limited concern in the context of demonstrated changes in glucose transport capacity.
In our model, and in the context of a diet rich in simple carbohydrates, high SGLT1-mediated intestinal glucose transport capacity would be expected to lead to rapid uptake of dietary glucose with resulting portal hyperglycemia. In contrast, the RYGB, by suppressing intestinal glucose absorption would slow glucose uptake, blunting postprandial portal glycemic excursions. Furthermore, this would enhance ileal delivery of glucose, with consequential effects on ileal gut peptide hormone secretion and satiety ("hind gut" theory) (27, 42) . Future studies in disease models will therefore need to evaluate hormonal changes that may occur with this surgery and contribute to the therapeutic benefit. Since we used a nonobese and nondiabetic model, we deferred any hormonal assessments, concentrating on the impact of this procedure on intestinal glucose absorption. However, once this is repeated in a disease model, in which therapeutic outcomes are of interest, hormonal measurements become critical to identify other factors that may have contributed to therapeutic benefit.
In summary, we here demonstrate for the first time that RYGB is accompanied by changes in intestinal glucose transport capacity, with a 63% reduction in Sglt1-mediated glucose uptake prior to onset of feeding. This is furthermore in the context of changes in intestinal morphology and structure, with proliferative changes in villi, and a shift from an absorptive to a secretory cell lineage. This provides a novel explanation for the resolution of impaired oral glucose handling after gastric bypass surgery.
